Radiation-induced intestinal injury is a common complication in radiotherapy for the cancer located in abdomen or pelvis. However, there is no effective treatment for radiation-induced intestinal injury now. It is therefore important to develop new treatments for radiation-induced intestinal injury. In this study, we investigated whether embryonic stem (ES) cells could be transplanted directly into the radiation-damaged intestine and could colonize and differentiate into the intestinal epithelial cells. The intestines of female nude mice (ICR nu/nu) were irradiated at a single dose of 30 Gy, and were immediately transplanted with male 129/Sv-derived ES cells into the wall of the irradiated intestine by direct injection. The intestine was removed on days 13 to 27 after transplantation. The Y-chromosome DNA of transplanted ES cells in the irradiated intestine was determined by polymerase chain reaction. Colonization and differentiation of transplanted ES cells in the irradiated intestine were analyzed by histological and immunohistochemical methods with antibodies against stage-specific embryonic antigen-1, α -smooth muscle actin and cytokeratin AE1/AE3. The cells of donor origin were identified in the intestine of irradiated mice, and intestinal crypt-like structures were observed on day 13 after transplantation. Importantly, we observed that ES cells could differentiate into epithelial cells in the submucosa of irradiated intestine on day 13 and 27 after transplantation. These results suggest that transplanted ES cells could colonize and differentiate in the intestinal intestine. Such a new approach for damaged intestine with transplanted stem cells would be promising.
Radiation-induced intestinal injury is a common complication in radiotherapy for the cancer located in abdomen or pelvis. However, there is no effective treatment for radiation-induced intestinal injury now. It is therefore important to develop new treatments for radiation-induced intestinal injury. In this study, we investigated whether embryonic stem (ES) cells could be transplanted directly into the radiation-damaged intestine and could colonize and differentiate into the intestinal epithelial cells. The intestines of female nude mice (ICR nu/nu) were irradiated at a single dose of 30 Gy, and were immediately transplanted with male 129/Sv-derived ES cells into the wall of the irradiated intestine by direct injection. The intestine was removed on days 13 to 27 after transplantation. The Y-chromosome DNA of transplanted ES cells in the irradiated intestine was determined by polymerase chain reaction. Colonization and differentiation of transplanted ES cells in the irradiated intestine were analyzed by histological and immunohistochemical methods with antibodies against stage-specific embryonic antigen-1, α -smooth muscle actin and cytokeratin AE1/AE3. The cells of donor origin were identified in the intestine of irradiated mice, and intestinal crypt-like structures were observed on day 13 after transplantation. Importantly, we observed that ES cells could differentiate into epithelial cells in the submucosa of irradiated intestine on day 13 and 27 after transplantation. These results suggest that transplanted ES cells could colonize and differentiate in the intestinal intestine. Such a new approach for damaged intestine with transplanted stem cells would be promising. colony formation; transplantation; embryonic stem cell; radiation; intestinal injury could be transplanted directly into the radiationdamaged intestine and could colonize and differentiate in the intestine. Mice were transplanted directly with undifferentiated ES cells as a donor to the irradiated intestine. On days 13 to 27 after transplantation, the intestine was removed and the proliferation and differentiation of ES cells were confirmed. The results showed that the transplanted ES cells could proliferate and differentiate in the inrradiated intestinal of mice.
MATERIALS AND METHODS

Animals
Female ICR nu/nu mice, 6-12 weeks old, were obtained from Japan Charles River Laboratories (Yokohama) and mice were housed in plastic cages under specific pathogen-free conditions at the Institute for Animal Experiments, Hirosaki University School of Medicine. They were kept on a 12 hr: 12 hr light: dark cycle, and food and water were available at all times. All animal experiments were carried out in accordance with the Guidelines for Animal Experimentation of Hirosaki University.
ES cell culture
Male ES 129/Sv cells (Chemicon, CA, USA) were used. The ES cells were maintained in Complete ES Cell Media W/15% FBS Serum and leukemia inhibitory factor (LIF) (Chemicon) that containing Dulbecco's modified Eagle's medium, 15% fetal bovine serum (FBS), 1% non essential amino acids, 1% nucleosides, 110 mM 2-mercaptoethanol, 1% penicillin-streptomycin, 1% glutamine, and 500 U/ml LIF. The ES cells were cultured on feeder cells of EmbryoMax primary mouse embryo fibroblasts (Chemicon) in gelatin-coated flask. Cells were harvested and prepared for transplantation at a concentration of 1 × 10 8 cells/ml.
Local irradiation and ES cells transplantation
Female ICR nu/nu mice were anesthetized with intraperitoneal (I.P.) injection of pentobarbital at a dose of 50 mg/kg body weight and fixed. A part of intestine was put out of the peritoneal cavity. The body except the exposed intestine was covered with lead plate of 2 mm thickness. Only the intestine of about 15-20 mm length was irradiated at a single dose of 30 Gy. X-irradiation was performed using Hitachi MBR-1505R2, 150 kV, 5 mA, with 0.5 mm Al Cu filters, at a dose rate of 1.9 Gy/ min. The total body except exposed intestine was irradiIonizing radiation to the whole body induces several types of tissue damages resulting death depending on the exposure dose. At the extremely high doses, death occurs shortly after irradiation and appears to be resulted from neurologic and cardiovascular breakdown. At the intermediate doses, death occurs in a matter of days and is associated with destruction of gastrointestinal mucosa. At the low doses, death occurs several weeks after exposure and is caused by bone marrow failure that is mainly treated by the bone marrow transplantation and cytokine therapy (Gale and Butturini 1991; Hérodin et al. 2005) . On the other hand, there is no effective treatment against radiation-induced intestinal injury that has been treated on the basis of symptoms. The same approach as bone marrow transplantation is required for investigation.
Embryonic stem (ES) cells have a pluripotent ability to differentiate into a variety of cell lineages in vitro (Donovan and Gearhart 2001) . The previous study showed that the derivation of oocytes and blastocyst-like structure from mouse ES cells could be accomplished with both female and male ES cells (Hübner et al. 2003) . When ES cells were allowed to differentiate in a suspension culture, they formed spherical multicellular aggregates, termed embryoid bodies (EBs) that had been shown to contain a variety of cell populations. Some studies have been achieved in inducing mouse ES cells to differentiate into particular types of cells, such as neurons (Bain et al. 1995) , cardiomyocytes (Sachinidis et al. 2003; Zandstra et al. 2003) , hepatocytes (Hamazaki et al. 2001) , pancreatic islets (Blyszczuk and Wobus 2004) , within an EB environment. In addition, recent studies suggested that gut-like organ could be formed from ES cells in vitro (Yamada et al. 2002; Kuwahara et al. 2004 ) and demonstrated that the formation process was basically same as in gut organogenesis. However, transplantation of ES cells in vivo directly in the intestine has not yet been reported. Little is known whether ES cells transplanted directly in vivo could colonize and differentiate in the radiation-damaged intestine.
In this study, we studied whether ES cells ated less than 0.1 Gy. After irradiation, the wall of the irradiated intestine was immediately transplanted with ES cells (1 × 10 7 cells/0.1ml Dulbecco's phosphate buffered saline [Chemicon]) through a 27-gauge syringe using a manipulator and the intestine was returned to the peritoneal cavity. Mice were weighed daily after irradiation and transplantation, and the survival was recorded for 13 day. At 13 to 27 day after transplantation, the intestine of mice was removed. Colonization and differentiation of transplanted ES cells were examined by DNA assay, histological and immunohistochemical analysis. Statistic analyses of body weight and survival rate were performed using students t-test or Kaplan-Meier, Log-rank test, respectively.
Determination of Y-chromosome with polymerase chain reaction (PCR)
The ES cells used in this study were male and the mice were female. To confirm the surviving ES cells in the transplanted section, the Y-chromosome DNA (Symbol: Sry) of ES cells was examined by PCR. Genomic DNA was purified from each section or ES cells with DNeasy tissue kit (Qiagen, Hilden, Germany). Oligonucleotide primers, forward: 5-GTGGTGAGAGGCACAAGT-3 and reverse: 5-CTGTGTAAGATCTTCAATC-3 were used to amplify a 148-bp sry fragment of the Y-chromosome of the ES cells. Four pM of each primer, 0.4 μ g of genomic DNA and the PCR mixture which includes Ampli Taq DNA polymerase, dNTP, MgCl 2 were included in the 20 μ l reaction mixture for PCR. Thirty-six PCR cycles of amplification were performed. Each cycle consisted of a 30 sec at 94°C for denaturing, 40 sec at 60°C annealing, and 60 sec at 72°C for extension.
Histological and Immunohistochemical analysis
At 13 to 27 day after irradiation, the mice were sacrificed by cervical dislocation, the intestine were removed to be fixed overnight in 10% neutral buffered formalin. Sections were paraffin-embedded and cut at 4 μ m and mounted onto slides. Hematoxylin-eosin (H.E.) staining was performed for histological analysis. For immunohistochemical analysis, a mouse monoclonal antibody against stage-specific embryonic antigen-1 (SSEA1, Lab Vision, CA, USA), mouse monoclonal antibody against alpha-smooth muscle actin (α -SMA, DAKO, Kyoto), or mouse monoclonal antibody against cytokeratin (AE1/AE3, DAKO, Kyoto) was used as a primary antibody. Horseradish peroxidase-conjugated goat affinity purified antibody to rabbit IgG (Histofine, Tokyo) or to mouse IgG (Histofine, Tokyo) were used as secondary antibodies. Sections were incubated with the primary antibody overnight at room temperature. After 3 rinses in PBS, sections were incubated with the secondary antibody for 60 min at room temperature. SAB-PO(M) or SAB-PO(R) kit (Histofine, Tokyo) was used for color development. Tissue sections were examined by an Olympus microscope and photographed with a digital camera.
RESULTS
Survival rate and change of body weight after irradiation and ES cell transplantation
Survival and body weight of the mice were observed for 13 days (Fig. 1) . The survival rate of the group of ES cell transplantation only showed 100%. In contrast, in the irradiation only group, the half of the mice died from day 4 to day 10. In the group of irradiation and ES cell transplantation, 50% of the mice also died from day 3 to day 10 after transplantation. There was no significant difference between the irradiation only group and the irradiation and transplantation group (Fig. 1A) . The change of body weight was also recorded for 13 days (Fig. 1B) , and also showed no significant difference between the irradiation only group and the irradiation and transplantation group. These results suggested that transplantation of ES cells showed no influence on the survival rate and the change of body weight in the mice of radiation-induced intestine injury.
Proliferation of transplanted ES cells in the irradiated intestine
We further investigated whether transplanted ES cells could proliferate in the irradiated intestine. On day 13 after transplantation ( Fig. 2) , the intestine of transplanted ES cell showed proliferated colonies in the irradiated site (Fig. 2B) . In contrast, there were no proliferated cells in the intestine which was not transplanted with ES cells (Fig. 2A) . These results suggested that transplanted ES cells could proliferate in the radiationinjured intestine.
Detection of Y-chromosome of transplanted ES cells from the proliferated colony
To confirm whether the proliferated cells are derived from the transplanted ES cells, the genomic DNA of the cells was extracted and purified. The specific Y-chromosome DNA of the transplanted ES cells was determined by PCR (Fig.  3) . The sample of the intestine obtained from irradiated and ES cell-transplanted mice showed the expected bands equivalent to sry gene product, as the same as that from cultured ES cells. This result indicated that the proliferated cells in the irradiated intestine are derived from the transplanted ES cells.
Histological analysis
The intestines were removed on day 13 and day 27 after ES cell transplantation, and used for H.E. staining. The intestine from irradiated alone control mice showed the loss of epithelium and ulceration formation with no proliferated cells in the radiated section (Fig. 4A) . In contrast, in the intestines from irradiated and ES cell-transplanted mice, proliferated cell colonies were observed at the ulceration site, which was induced by radiation (Fig. 4B) . The intestines from the mice after ES cell transplantation were further observed under a dissection microscopy. Undifferentiated and crypt-like cells were observed in the prolifer- Female ICR nu/nu mice were anesthetized and the intestine were irradiated with X-rays (150 kVp, 5 mA, 0.5 mm Al filter, 1.9 Gy/min) at a single dose of 30 Gy. Immediately after irradiation, mouse ES cells were inoculated into the wall of the irradiated intestine. Survival and body weight of the mice were observed for 13 days after irradiation. A: Survival rates of the group of only transplantation of ES cells ( , 6 mice), the irradiation only group ( , 14 mice), and the irradiation and transplantation group ( , 22 mice). B: Change of body weight ratio of the group of only transplantation of ES cells ( , 6 mice), the irradiation only group ( , 7 mice), and the irradiation and transplantation group ( , 10 mice). and lane 3, sample from ES cell-transplanted intestine. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression was used as a control. Fig. 2 . Macroscopic appearance of intestine on day 13 after transplantation of ES cells. Mice were anesthetized and the intestine was irradiated with X-rays at a single dose of 30 Gy. Immediately after irradiation, mouse ES cells were inoculated into the wall of the irradiated intestine. On day 13 after irradiation and transplantation, the intestine was removed and observed. A: Control intestine from the mice irradiated only. B: Intestine from mice irradiated and transplanted. 
Immunohistochemical analysis
Immunohistochemical analysis of intestine sections from the irradiated and ES cell transplanted mice showed that the immunoreactivity to SSEA1 was observed in the radiation-damaged intestine on day 13 (Fig. 5A ) and day 27 (Fig. 5E ) after radiation. This result suggested that undifferentiated ES cells existed in the proliferated colonies of the irradiated and transplanted intestine. α -SMA expression, that is distributed in the smooth muscle and exists in the immature fibroblast, was also determined by immunohistochemistry using anti-α -SMA antibody. As shown in Fig. 5B and F, α -SMA-positive cells were observed in the irradiated and transplanted intestine, suggesting that the proliferated cells may include smooth muscle and/or immature fibroblast. We further determined the expression Cytokeratin-positive cells were observed in the submucous of the irradiated and transplanted intestine (arrow in Fig. 5D ). The central area of the cytokeratin-positive reaction was observed like the cavity. On day 27 after transplantation, the cytokeratin-positive cells were observed more than that on day 13 after transplantation (Fig. 5G) . These results suggested that ES cells could differentiate into epithelial cells in the submucosa of irradiated and transplanted intestine.
DISCUSSION
Our results demonstrate that the ES cells transplanted directly into the wall of the irradiated intestine could colonize and differentiate. It is interesting that the colonized and differentiated cells were found in the deteriorated intestine. Previous studies have shown that bone marrow cells can repopulate the epithelia of the human gastrointestinal tract by bone marrow transplantation (Okamoto et al. 2002) . In the mouse intestine, there was a report that bone marrow cells contribute to the regeneration of intestinal myofibroblasts and epithelium after damage by tail vein injection (Brittan et al. 2002) . However, transplantation of ES cells directly in the intestine has not yet been reported.
We investigated the survival rate and the change of body weight after irradiation and ES cell transplantation. The transplantation of ES cells showed no influence on the survival rate and the change of body weight in the mice of radiation-induced intestine injury. It seems the fatal damage induced by irradiation could not be overcome by transplantation method. Chen et al. (1992) also reported that mice were administrated with ES cells by intraperitoneal (I.P.) or intravenous injection after the total body irradiation (8.5 Gy), and many mice died after 10 to 14 days (I.P.) or within 2 days after cell injection.
Colonization and differentiation of transplanted ES cells in the irradiated intestine were analyzed by histological and immunohistochemical methods using antibodies against SSEA1, α -SMA, and cytokeratin. The proliferation of transplanted cells was identified in the intestine of the irradiated mice. On day 13 after transplantation, parts of the cells showed the crypt-like structure: i.e. the transplanted ES cells could differentiate into epithelial cells in the submucosa of the irradiated intestine. On day 27, the transplanted ES cells differentiated into many epithelial cells. However, in a few mice, the transplanted ES cells focally showed differentiated tissues such as epithelial and/or connective tissues, similar to teratoma tissues. A recent study reported that implantation of gut-like organs from mouse ES cells could form mature gut-like structures in transplanted intestine (Torihashi et al. 2006 ). The result suggested that it may be important to differentiate the ES cells to epithelial cells in vitro (Chang and Zandstra 2004; Torihashi et al. 2006 ).
In conclusion, we have provided evidence that ES cells directly transplanted in the wall of intestine could colonize and differentiate into the intestinal tissue in inadiated mice.
